Carotid-femoral pulse wave velocity (cf-PWV) is a validated marker of arterial stiffening over the central arteries. Brachial-ankle pulse wave velocity (ba-PWV) integrates the mechanical properties from both the central and peripheral arteries and may be more representative than cf-PWV as arterial load for left ventricle (LV). We compared ba-PWV with cf-PWV for the association of cardiovascular structure and function in 320 subjects with various degrees of abnormality in cardiac structure and function. ba-PWV (by oscillometric technique) and cf-PWV (by tonometric technique) were measured simultaneously, and were highly correlated (r ¼ 0.79, Po0.001). Both ba-PWV and cf-PWV were significantly correlated with LV mass, but the correlation was better with ba-PWV (r ¼ 0.29 vs r ¼ 0.22, P ¼ 0.0219). While ba-PWV and cf-PWV were similarly significantly correlated with LV end-systolic elastance and mitral E/A ratio, ba-PWV had better correlation with isovolumic relaxation constant (r ¼ 0.34 vs r ¼ 0.27, P ¼ 0.0202) than cf-PWV. In addition, the correlation was also significantly stronger with ba-PWV than with cf-PWV for other indices of arterial stiffness, including carotid incremental modulus (r ¼ 0.59 vs 0.50, P ¼ 0.0013), effective arterial elastance (r ¼ 0.41 vs r ¼ 0.33, P ¼ 0.0081) and carotid augmentation index (r ¼ 0.38 vs r ¼ 0.32, P ¼ 0.0368). In conclusion, ba-PWV correlates better with LV mass and diastolic function and other indices of arterial function than cf-PWV, probably because ba-PWV encompasses a greater territory of arterial tree than cf-PWV.
Introduction
The operation of the systemic circulation depends on the interaction between the left ventricle (LV) and the systemic arterial system. 1 Stiffening of the large arteries is a common feature of aging and is accelerated by cardiovascular risk factors and disorders such as hypertension, 2 diabetes 3 and renal failure. 4 The heart adapts to face the arterial stiffeningrelated higher and later systolic loads by both hypertrophy and ventricular systolic stiffening. 5 The combined ventricular arterial stiffening has clinical implications in the decreased exercise tolerance in the elderly, 6, 7 heart failure with preserved ejection fraction 8 and enhanced volume sensitivity of blood pressure in haemodialysis patients. 9 Furthermore, arterial stiffening contributes to the process of atherosclerosis and arterial disease by influencing the shear stress imposed on the blood vessel walls and endothelial function. 5 In fact, the stiffness over the central arteries assessed by measuring pulse wave velocity (PWV) between the carotid and femoral arteries (carotid-femoral pulse wave velocity, cf-PWV) has been validated as an independent, strong marker for future cardiovascular events in patients with hypertension, 2 diabetes 3 and renal failure, 4 and in the general population 10 and apparently healthy subjects. 11 Recently, PWV can be measured by oscillometric technique using blood pressure cuffs over arms and ankles, without the need for direct interrogation of the neck (for carotid artery) and inguinal region (for femoral artery). 12 The automated, non-invasively derived brachial-ankle pulse wave velocity (ba-PWV) has high correlations with invasively 12 and noninvasively 13 derived cf-PWV and can be applied easily for the busy outpatient clinics 14 and general population studies. 15, 16 Because ba-PWV assesses the mechanical property of a large territory covering both the large-sized central elastic and medium-sized peripheral muscular arteries, ba-PWV may be more representative than cf-PWV as arterial load for LV. Therefore, the purpose of the present study was to compare ba-PWV with cf-PWV for the association of cardiovascular structure and function.
Materials and methods

Study population
The study population consisted of 86 apparently healthy subjects and 234 patients with various degrees of abnormality in cardiac structure and function, who had been invited to participate in various clinical studies conducted in our laboratory. 17 All subjects had signed a consent form approved by our institutional review board for the clinical studies. The major clinical diagnoses of the patients included hypertension (n ¼ 104), end-stage renal disease (n ¼ 88), heart failure (n ¼ 65) and diabetes (n ¼ 18). The study population represented consecutive subjects who had received a comprehensive cardiovascular evaluation, including the simultaneous measuring of ba-PWV and cf-PWV in our laboratory. None of the study patients had symptomatic or asymptomatic peripheral arterial disease (defined by ankle-brachial indexo0.9), history of ischaemic cerebral infarction or myocardial infarction or atrial fibrillation.
Determination of ba-PWV and cf-PWV Subjects were studied under supine resting conditions in a quiet, temperature-controlled room. Measurements were carried out after at least 15-min supine rest. We used a commercially available device (VP-2000, Colin Corporation, Komaki, Japan) that was customized to output all physiological signals, including electrocardiogram, phonocardiogram, oscillometric signals from arms and ankles, and tonometric signals from right common carotid and right femoral arteries. All signals were digitized simultaneously at a sampling frequency of 250 Hz for off-line analysis. Carotid and femoral arterial pressure waveforms were stored for 30 s from applanation tonometry sensors. Bilateral brachial and posterior-tibial arterial pulse volume recording waveforms were stored for 10 s by extremities cuffs connected to a plethysmographic sensor and an oscillometric pressure sensor wrapped on both arms and ankles. 13 The simultaneously digitized tonometric and pulse volume recording waveforms were analysed with customized software to identify the foot of each waveform in every cardiac cycle. The pulse transit time of each segment was measured as the foot-to-foot interval of waveforms: between right arm and right ankle (Trba), between right arm and left ankle (Tlba) and between right carotid and right femoral arteries (Tcf), respectively. Surface distances from the suprasternal notch to the right carotid tonometric sensor (A), from the suprasternal notch to the midline of right arm pressure cuff (B), from the suprasternal notch to the right femoral sensor (C) and from the right femoral sensor to the midline of right ankle pressure cuff (D) were measured, by means of a tape ruler over the body surface. PWV was calculated from the distance between two arterial recording sites divided by the pulse transit time. Therefore, right ba-PWV was calculated as (C þ DÀB)/Trba, left ba-PWV as (C þ DÀB)/Tlba and cf-PWV as (CÀA)/Tcf, respectively. The higher between right and left ba-PWV was selected as the representative ba-PWV.
Cardiac structure and function Cardiac structure and function was analysed according to the American Society of Echocardiography criteria with a Sonos 5500 sonographic system (Philips, Andover, MA, USA) incorporated with a multi-frequency transducer. Each parameter was the mean value averaged from four consecutive measurements.
Left atrial dimension was determined by M-mode echocardiography. LV mass and ejection fraction were calculated from M-mode measurements. 17, 18 End-systolic elastance (Ees) was estimated with a recently proposed single-beat method.
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A pulsed-wave Doppler cursor was placed between tips of the anterior and posterior mitral leaflets for recording of mitral inflow profile. For measurement of the isovolumic relaxation time (IVRT), the Doppler cursor was placed at the junction of the LV outflow tract and the anterior mitral leaflet to capture both LV outflow and mitral valve inflow profiles in the apical five-chamber view. The spectral images of four consecutive heartbeats were stored in a digital optical disc for off-line analysis. The early transmitral flow velocity (peak E), atrial flow velocity (peak A) and ratio of early transmitral flow velocity to atrial flow velocity (E/A ratio) were obtained as previously described. 20 The IVRT was the interval measured from the aortic valve closing artefact at the end of the LV outflow envelope to the mitral valve opening artefact at the beginning of the mitral E wave.
Arterial structure and function
The measured arterial structural parameters included aortic root diameter and intima-media thickness of the common carotid artery at end diastole. 21 The right common carotid artery was scanned with a 7 MHz vascular probe incorporated in the sonographic unit. The carotid systolic and diastolic diameters and the intima-medial thickness of the posterior wall (distance from the leading edge of lumen-intima interface to the leading edge of the media-adventitia interface) 22 were measured online from the digitized frozen longitudinal images. Carotid incremental elastic modulus was calculated according to the equation: elastic modulus
where a is the internal radius,b the external radius of the wall obtained from the sonogram, and dP and dD are the carotid pressure and diameter changes over the cardiac cycle. Carotid blood pressure was calculated from the common carotid waveform calibrated by the brachial mean and diastolic blood pressure. 24 Arterial load and stiffness were also indexed by the effective arterial elastance (Ea), which is equal to the ratio of LV end-systolic pressure divided by stroke volume (SV). 6 LV end-systolic pressure was estimated from brachial systolic blood pressure Â 0.9, 9 and SV was measured by pulse-wave Doppler echocardiography. 9 Augmentation index was analysed from the right common carotid artery pressure wave contour using the method described previously. 17, 25 Augmentation index was the ratio of the augmented pressure, which was determined as the height of the late systolic peak above the inflection point, to the pulse pressure in percentage.
Reproducibility of ba-PWV and cf-PWV
Reproducibility of cf-PWV in this laboratory has been reported. 26 Reproducibility of ba-PWV was assessed in another 20 apparently healthy volunteers. Intra-observer reproducibility was assessed using measurements by the same observer at the same hour of separate days. Inter-observer reproducibility was assessed using measurements by two independent observers at the same hour of the same day. Mean percentage error was calculated as the absolute difference divided by the average of the two observations.
Statistical methods
Data are expressed as mean7s.d. Pearson's correlation coefficients between PWVs, and parameters of cardiac and vascular structure and function were calculated. The comparison between two correlation coefficients from paired measurements was carried out using the formula created by Olkin. 27 Further comparison between ba-PWV and cf-PWV was performed by multivariate linear regression analysis to describe the strength of association with each cardiovascular parameter with standardized regression coefficients. Both ba-PWV and cf-PWV were forced to enter the same model as the main independent variables, and each parameter of cardiac and vascular structure and function was introduced as the dependent variable of each model. Multicollinearity was checked by examining the variance inflation factors. A variance inflation factor 44 means that two or more of the independent variables are so highly correlated that the corresponding significance tests are not reliable. Values of Po0.05 was considered as statistically significant. Statistical analyses were performed using the statistical package SAS (Statistical Analysis Software release 8.2, Cary, NC, USA).
Results
The characteristics of the study subjects are shown in Table 1 and Table 2 . Patients had older age, higher proportion of male gender, and greater systolic blood pressure, heart rate, LV mass, thickness of interventricular septum and LV posterior wall, left atrial dimension, IVRT, peak A, carotid diameter, carotid intima-media thickness, aortic root diameter, carotid incremental modulus, ba-PWV and cf-PWV than the healthy subjects. The healthy subjects had significantly greater E/A ratio than the patients.
For the whole study population, ba-PWV and cf-PWV were highly correlated (r ¼ 0.79, Po0.001) (Figure 1 ). Both ba-PWV and cf-PWV were significantly associated with most of the parameters of the cardiac and arterial structure and function (Table 3) . Specifically, in both men and women, ba-PWV and cf-PWV were significantly associated with age, systolic and diastolic blood pressure, thickness of interventricular septum and posterior wall, left atrial dimension, Ees, peak A, E/A ratio, carotid diameter, intima-media thickness of common carotid artery (IMT), carotid incremental modulus and Ea. On the other hand, ba-PWV and cf-PWV were significantly associated with heart rate and LV mass in women but not in men. In addition, IVRT and peak A were significantly associated with ba-PWV in both men and women while they were significantly associated with cf-PWV in men but not in women. Aortic root diameter was significantly associated with cf-PWV in both men and women while it was significantly associated with ba-PWV in women but not in men.
The magnitude of the correlation between PWVs and parameters of cardiac and arterial structure and function differed significantly between ba-PWV and cf-PWV (Table 4 ). For parameters of cardiac structure, the correlation was significantly stronger with ba-PWV than with cf-PWV for LV mass, thickness of interventricular septum and posterior wall, and left atrial dimension. For parameters of cardiac function, the correlation was significantly stronger with ba-PWV than with cf-PWV for IVRT. For parameters of arterial function, the correlation was significantly stronger with ba-PWV than with cf-PWV for carotid incremental modulus, Ea and augmentation index.
Stronger association with most of the parameters of cardiac and arterial structure and function for ba-PWV than for cf-PWV was further supported by multivariate linear regression analysis adjusted for age and sex (Table 5 ). For posterior wall thickness, left atrial dimension, IVRT, Ea, and augmentation index, ba-PWV but not cf-PWV was a significantly independent determinant. While both ba-PWV and cf-PWV were significantly independent determinants for LV mass, thickness of interventricular septum and carotid incremental modulus, the standardized regression coefficients for ba-PWV were greater than those for cf-PWV. The variance inflation factors for individual independent variables were all within the range of 1.0-2.2, indicating that no significant multicollinearity existed in the models. However, when further adjustment with Abbreviations: ba-PWV, brachial-ankle pulse wave velocity; Carotid, inner diameter of right common carotid artery at diastole; cf-PWV, carotidfemoral pulse wave velocity; Ea, effective arterial elastance; Ees, left ventricular elastance; IMT, intima-media thickness of common carotid artery; Incre-M, incremental modulus of common carotid artery; IVRT, isovolumic relaxation time; IVS, thickness of interventricular septum; LAD, left atrial dimension; LVEF, left ventricular ejection fraction; LVM, left ventricular mass; Peak A, peak A wave velocity of mitral inflow; Peak E, peak E wave velocity of mitral inflow; PWT, thickness of posterior wall of left ventricle. mean blood pressure was performed, the variance inflation factor for ba-PWV inflated to 3.1, due to the high correlation between ba-PWV and blood pressure. The results of the regression analysis were considered not reliable and therefore are not reported.
The intra-and inter-observer mean percentage errors for cf-PWV were 5.074.3 and 7.475.4%, respectively. The corresponding values for ba-PWV were 5.674.4 and 6.674.7%, respectively.
Discussion
The major findings of the present study were that both ba-PWV and cf-PWV correlated significantly with parameters of LV and arterial structure and Abbreviations: ba-PWV, brachial-ankle pulse wave velocity; Carotid, inner diameter of right common carotid artery at diastole; cf-PWV, carotid-femoral pulse wave velocity; DBP, diastolic blood pressure; Ea, effective arterial elastance; Ees, left ventricular elastance; HR, heart rate; IMT, intima-media thickness of common carotid artery; Incre-M, incremental modulus of common carotid artery; IVRT, isovolumic relaxation time; IVS, thickness of interventricular septum; LAD, left atrial dimension; LVEF, left ventricular ejection fraction; LVM, left ventricular mass; Peak A, peak A wave velocity of mitral inflow; Peak E, peak E wave velocity of mitral inflow; PWT, thickness of posterior wall of left ventricle; SBP, systolic blood pressure. *Po0.05, **Po0.001. Abbreviations: ba-PWV, brachial-ankle pulse wave velocity; Carotid, inner diameter of right common carotid artery at diastole; cf-PWV, carotid-femoral pulse wave velocity; Ea, effective arterial elastance; IMT, intima-media thickness of common carotid artery; Incre-M, incremental modulus of common carotid artery; IVRT, isovolumic relaxation time; IVS, thickness of interventricular septum; LVM, left ventricular mass; Peak A, peak A wave velocity of mitral inflow; Peak E, peak E wave velocity of mitral inflow; PWT, thickness of posterior wall of left ventricle. *Po0.05, **Po0.001. function, and that the correlation was stronger with ba-PWV than with cf-PWV for all parameters of LV structure and arterial function. ba-PWV also correlated better with IVRT than cf-PWV. Because ba-PWV covers both central and peripheral arterial territories and cf-PWV mainly reflects the stiffness of the central arteries, the results support that peripheral muscular arteries contribute independently of the central elastic artery to the ventriculo-arterial interaction. The mechanical properties along the arterial tree are not uniform and may react differently with aging, pharmacological intervention and disease states. 28 Regional arterial stiffness estimated by PWV and elastic modulus generally increases from central elastic to peripheral muscular arteries. 28 Aging significantly increases the stiffness mainly in the central arteries due to the gradual replacement of the degenerated elastic fibres by collagenous fibres and may cause a reversal of the normal central-to-peripheral arterial stiffness gradient after the age of 50 years. 28, 29 Because aging per se has a great impact on the risk of cardiovascular morbidity and mortality and the central elastic arteries may stiffen preferentially over the peripheral muscular arteries, central arterial stiffness measured by cf-PWV has been established as an important predictor of future cardiovascular risk. [2] [3] [4] 10, 11 Although the mechanical properties of the peripheral vasculature are relatively resistant to aging effect, their clinical relevance has been increasingly recognized. Reduced oscillatory compliance that has its origin in the smaller arteries has been identified in hypertensive individuals, in type II diabetics without overt vascular disease and in the elderly, 30 and is significantly associated with cardiovascular events independent of age. 31 In hypertensive patients with normal renal function, increased stiffness of both central elastic and peripheral muscular arteries predicted decreased glomerular filtration rate. 32 Subjects with impaired fasting glucose or impaired glucose tolerance had only increased peripheral (femoral and brachial) arterial stiffness as compared to subjects with normal glucose tolerance, 33 and patients with type II diabetes were associated with increased stiffness in both the central (carotid) and peripheral (femoral and brachial) arteries. 33 However, central arterial stiffness may be more important than peripheral arterial stiffness in the association with ischaemic heart disease in patients with type II diabetes. 34 Furthermore, in patients with endstage renal disease, central arterial stiffness but not peripheral stiffness predicted cardiovascular outcomes. 35 Therefore, the relative importance of central vs peripheral arterial stiffness on cardiovascular outcomes remains to be determined in future studies.
It has been shown that ba-PWV was associated with the degree of organ damage in hypertensive patients 36 and high ba-PWV predicted the presence of coronary artery disease in men 37 and future cardiovascular events in patients with acute coronary syndrome. 38 The clinical usefulness of ba-PWV may partly be due to its overlap with cf-PWV for the central arteries. Although ba-PWV correlates well with cf-PWV with a correlation coefficient around 0.75-0.87 13, 36 and cf-PWV is the main determinant of ba-PWV, 13 there remains a substantial difference between the two techniques over the range of measurement. 36 On the one hand, the difference between ba-PWV and cf-PWV may suggest the potential contribution from the peripheral arterial stiffness on cardiac structure and function, as shown in the present study. On the other, this may indicate a potential of combining ba-PWV and cf-PWV for incremental diagnostic or prognostic values.
The major findings that ba-PWV correlated better than cf-PWV for all parameters of LV structure and arterial function support that both central and peripheral arterial properties are involved in the ventriculo-arterial interaction. The findings that ba-PWV had similar correlations with most of the parameters for LV function when compared to cf-PWV might be due to the fact that most patients in the study had preserved cardiac function (mean ejection fraction in patients ¼ 71711%) not significantly different from that in normal controls ( Table 2 ). The limited ranges of the parameters might have masked the potential differences in the relationship with ba-PWV and cf-PWV. ba-PWV also had similar correlation with carotid diameter, carotid intima-media thickness and aortic root diameter as cf-PWV, since these parameters of arterial structure are within the territory of central arteries and therefore may be less affected by peripheral arterial properties.
Age-related ventricular-vascular stiffness may be important in the pathogenesis of heart failure with preserved ejection fraction. 39 In a community-based study, Ea and Ees were higher in women than in men, after adjustment for age. 39 In the present study, arterial stiffness assessed by either ba-PWV or cf-PWV was significantly associated with LV mass and heart rate in women but not in men. This gender difference may provide further evidence why patients with heart failure with preserved ejection fraction are more often female. 39 In conclusion, both central and peripheral arterial stiffness are relevant to the hydraulic loads of the LV and may have impact on ventriculo-arterial interaction and cardiovascular risk. This may partly explain the better correlation of ba-PWV over cf-PWV with parameters of ventricular and arterial structure and function. Future studies are required to establish if ba-PWV has better predictive power for future cardiovascular events than cf-PWV.
What is known about topic? K Carotid-femoral pulse wave velocity (cf-PWV), a validated marker of arterial stiffening over the central elastic arteries, is a major determinant of cardiovascular structure and function and predicts future cardiovascular risk.
What this study adds? K Brachial-ankle pulse wave velocity (ba-PWV), a marker of arterial stiffening over both the central elastic and peripheral muscular arteries, is a better determinant of left ventricular structure and function. K Both central and peripheral arterial stiffness are relevant to the hydraulic loads of the left ventricle and have impact on ventriculo-arterial interaction and cardiovascular risk.
